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Abstract

An electromagnetic pulse (EMP) model is developed which allows a
quick computation of the time development of the electric fields gene-

rated by a high altitude nuclear burst. The mode! i5 based on the

B T e it e

Karzas-Latter high frequency approximation for high altitude EMP, which

describes fields generated by Compton electrons interacting with the

The proper choice of a gamma time output funce

earth's magnetic field.

tion, which can be integrated in closed form, and a small angle approxi-~

mation, made in the expressions for the Compton currents and air conduc~

tivity, eliminate the time consuming numerical integrations usually

necessary in EMP models to compute the Compton currents and air con-

ductivity. This results in a considerabie savings in computation time.

The mode' is presented in a manner which is simple to use but stil)

allows the vari *ion of the major theoretical parameters in the prob-

lem.

A simplified model of electron collision frequency as a function

of electric field strength is given which enables the model to predict

accurate results for nuclear weapon gamma yields up to at least 100 Kt.

The results predicted by this EMNP mode) compare to within 5.5% with

results from the Air Force Weapons Laboratory CHEMP computer code.

The computation time using the presented model on a CDC 6600 compu=

ter Is typically 5 sec or less for a 5 shake computation period in

steps of .1 shake.
The model presented shouid be useful for both classroom instruc=

tion and nuctear vulnerability/survivability studies and analysis prob=~
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1. Theory

Gverview

Since the solutior to the EMP problem is actually the solution of
a classical electronagnetic theory probiem, the derivation of the mcJdal
equations reduces to putting Maxwell's equaticns into 3 convenient form,

This is essentially accomplished by expressing Maxwell's equations in

- e
WS AAC A

spherical coordinates and transforming to a retarded time frame. One

must also develop expressions for the currents and conductivities of 4

x4y

E k- the svstem in the absorption region. The general equations d.:wuribing .

the high altitude model of Karzas and Latter have been derived in great

5 detail by Chapman (Ref 3). Only the major points of the derivation will 3 .

be given here. The system origin is assumed to be at the burst point
with detcnation at time t = 0. This geometry is illustrated in Fig. 1. = k-
The key points to be remembered in this model are:
3 1. Each gamma ray gives rise to one downward traveling
Compton electron. 4

2 2. The electrons are turned by the earth's magnetic field R
: giving rise to a centrifugal acceleraticn, {' 3
3. The relativistic electrons radiate enerqy in their

forward direction.

EE R

L. The gamma rays and the EMP radiation travel at the E

E: same speed. This leads to constructive interference

.: , of the radiation from each of the electrons. A
2 Particle Densities E
j The garma rays from cne nuclear weapon travel in a straight line

to a point where they produce Compton electroni. At any given point r
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the number of nammas which interact to produce Compton electrons is

——eee ()
Yur2 A(r)

whera A(r) is the mean free path of gamma rays to produce Compton elec-

trons, Y is the gamma yield of the weapon in electron volts {(eV), and E

is the mean gamma energy in eV,

3 Equation {1} may also be called the radial distribution function,

or an attenuation function for interacting gamma rays.

The % term is

The bar2

term accounts for the divergence of the gamma rays as the radius r Is

the total number of gamma rays available from the weapon.

incrcased while the remaining terms account for the reduction in gammas
due to th-.ir absorption in the atmosphere, based on the mean free path.

It is assumed that the gama mean free path varies as the exponen-~

tial atmosphere.

This gives the functional relationship between A and
r:

Alr) = 2y exp [(HOB - r cos A). ., (2)

YN ORGP g aat

where

A = gamma mean free path at standard pressure
HOB = height of burst in Km above the carth's surface
r = radial distance from the burst ooint to the noint of Interest
A = angle between the position vector ? and the vertical

S = atmospheric scale helght

With this assumption, Eq (1) can be integrated and bacomes

Y i {5 _HoBN T r_cos AN
9lr) € hxr2 A (r) N )«oc:osAexp< SJL”p( s ) l]}

3)
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Now if f{t) is the time distribution function of the weapon yield,

the rate of Compton electrons, nq, produced at a given point r and time

t is given by

- dn
: . -
E g = aln) f<t

) )

of=

Each Compton electron produces through inelastic scattering events

several secondary electrons which forn the basis for the conductivity

of the atmo+-“ere. As in the Karzas-Latter approach, each Compton elec~

tron is assumed to have o constant speed, V5, throughout the ranae, R,

of the electron which is a function of altitude. This allows the life-

time to be expressed as R/Vy. If each Compton electron produces secon-

dary electrons at a constant rate, the rate of secondary electron, ng,

production is

. dng Ec/33 eV i
FTIV (s} -

where Ec is the energy of the Compton electron and 33 eV is the average
ionization energy per air molecule (Ref 2).
Considering the differential current produced by the Compton elec-

trons, it can be shown (Ref 3) that the Compton current and the number

paray

of Compton electrons are given by

/Vo

J) = - e glr)

Orn T

Vi) £z en e BELY 6o B

[

R/V .
ne) = o) [0 ¢ (1= or e XD e ()
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where

-
]
~
'
ol

-

T

the time since the creation of the Compton electron
X{1”) = the radial distance the Compton electron has traveled
e = the magnitude of the electron charge
The quantity t is aenerally known as retarded time.
1t then follows from Eqs (4) and {7) that the number of secondary

electrons is

\/ 1 RNV .
T B I A G ey e I T )
- = 0

where q is E./33 eV.

Currents and Corductivity

In the Karzas-Latter theory, the speed of the Compton electrons is
considered to be a constant, however, there is an acceleration due to
the geo~aanetic ficld. The general equation of motion for an electron

in this case is

d -»> - -+ > -»>
TnwWe-e (E+V XB) -mvcV (9

vhere

]

the electron rest mass

the electron velocity

= the electric field

wd My <y 3

= the magretic field
ve = the electron collision frequency

(1 - Woie)2) X

-
n
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If the relativistic motion of the electron is considered, only the
V A B term is important and in soberical coordinates, the expressions

for the velocity components become (Ref 3)
V. = Vo (sin? 9 cos wr + cos? 8) (19)
Vg =V, (cos 2 sin & cos wr - sin § cos 6) (1)
Vg = Vo (sin 8 sin wt) (12)
where w i- the cyclotron frequency for an electron and is given by
eB,

w= 2 (13)
my

with By the magnitude of the geomagnetic field.

From Eq (10}, %{(x*) is found to be

X(c7) = Vo { sin? o 084 12 cos? 0))

N © J

The Compton currents may now be written as

R/V
Jﬁ(t) e - eglr) Vo f © [£(T)(cos? 8 + sin2 & cos wr)l dr” (15)
)

13 : RN
Je(t) = - eglr) V, | {F(T) sin 6 cos 6 (cos wr” = 1}} dt*
o
(16)

c RNo
Jg(r) = - eglr) V, £ [£(T) sin 9 sin wr’] dt* (17}

where
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Tugq- (l - Yo cas? 0\7‘+V_°.sinze§.iﬂ._“’_’_'.
~ c ’ c [

In a sinilar nanner £q (8) becomes

v 1 LIAP ) . 3
ng (1) = q_RQg(r) ):“ [(j, £(17) dr*° | dr

where

T‘x-'t‘-<|-‘ci‘3cos2 6\) r"+:-£sin20Ln:’-‘-'—: (20)

Equations (15), (16), {17), (18), and (20} may be simplified if
the factor ur is assumed to be small., In this case a Taylor series
expansion for the sin and cos of wr, including only first and second
order terms, is

sin Wt = WT (21)

wir?

2

cos wt = 1 = (22)

expressions for the Compton currents now become

RV, 2 RV,
- ealr) Vo [ {7 F(1) axe - sin? 0 &= 17 126(T) ¢r”)
- 0

-

(23)

2 Rl
eq(r) v, sin 8 cos 8 %— | 1°2€(T) dt* (24)
o

RN
- eglr) vy sin 0w ) «°f(T) dv*
°

(1 -8)*
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where f = !2-.
<
1n a like manner €g (20) becomes
Te=at" - (1 -8)1"" 27}

An expression for the conductivity may alse be found by using the
equation of motion for the secondary electrons. These electrons are in
the thermal reaions with encrgies ranaing from about 10-15 eV to the
ampient cnergy. |t should be remembered for later use that the ambient
energy of the secondary electrons is dependent on the electric field
present. For consideration here, it is assured that v % 1 and also that
the change of velocity with time is smail conpared to the other terms
in Ea (9) so that .%% may be neglected. Also, with low velocities, the
v x 5 term is smali compared to the remaining terms and may also be
neglected. Then the velocity of the secondary elactrons is

Va-8_¢
ch

Using Eq (28), the current due to the secondary electrons is

- > e2->
JS(t) = - eV nglr) = g € ng(1) (29)

- >
Comparing Eq (29} to J° = of, an expression for the conductivity

oft) = %z- ns (1) (30}
Ve

Equations (19), (23), (24), (25), (26). (27), and (30) provide the

desired expressions for the Compton currents and the conductivity.
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o fj_c_ld Equatlons
T
; Maxwell's equations is rationalized MKS units are
»3 Y
[ - -~ 3
£ v X -
& E= - (31)
: R
¥ A 2E
< \7)(B=u°.l+"?zt (32)
> gy
v.E = P (33)
0
> -+
9-8=0 (34)
-+
where q, is the total charge density and J is the total current density.
In addition to these equations the continuity of charge requires that
3 >
' B evdao (35)
at
. > >
Combining these equations to scparate € and B and transforming
them into spherical coordinates and into the retarded time frame (Ref
-+ ->
3) the relations for £ and B become
-> - - > -
- 92 + urL-V~J + 13
cey € Vv
(36)
3 T2)3
+ 37 Tvar (FE) 4y (J-urJr)] =0
* 4+ 3 T2 3
- 92p a A N
Vg s Mg Vx J + 37 i_rcar (r8)
- an
i
> — -
< (UDJﬁ ueJe)_j =0
In the Karzas-Latter model, only the time derivative portion of
Eqs (36) and (37) are kept since the current variation with distance
is slow compared to the variation in time for the high frequency com-
12
T——————— T ———. S~ o
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ponents. Also the fields and currents vary rapidly in time. This

approxination is valid for about 100 shakes., Th s same hiah freoouency

approximation is used here. In addition, the radial component of the

field is dropped since it is weah compared to the transverse components

and contributes only a very low frequency sianal (Ref 2). The equa-

tions for the transverse comnonents are

272108 (rEy o) 4y 9 =0 (38) :
' 3t " ¢r dr e.9 Yo e,ﬂ} »
I r213 () -2 - k
X ﬁ[??ﬁ(r 0) Z—Jﬂ] ] (39)
'y
3 7213 (rB,) e M0y =0 1o
* 'r'cFarhz)t?.OJ o)

The currents in Eqs (38), (39), and (40) are total currents. The

total currents are given by

c
Je,g =5zt alx) Ee’g (41)

Substitution of Eq (41) into Eqs (38), (39), and (4N) and inteora-

tion over time gives
<
+ ugdg + ug ofr) Eg = 0

+ qu; + uy olt) €y =0

u u
+ 238+ Lolr) gy =0
c <
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Equations (42) and (43) are in a fora which can be solved. The

terme needed for solution of these eauations are the air conductivity

3 and the transverse components of the Compton currents. The air con-

-

E: ductivity may be found by using €qs (19) and (30). The transverse com-

it

ponents of the Compton currents may be found by using Eqs (24) and (25).
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i V. Results
To test the validity of the HAEMP mode), the comnuted values of E
¥
this model were compared to available equivalent rodel values from the ?;
AFWL code for EMP calculations hnour as CHEMP (Ref 4). i}
The basic set of condizions used for these calculations was: F?
3 target location = around zero ‘5
- height of burst = 100 Kn
3 geomagnetic field = .3 qauss or 3 (i0)™5 wb/m?

inclination angle 0.6 degree
Compten electron recoil eneray = .75 HeV

The aamma yvield was vo ‘ed and the number of steps taken for the
numerical integration was varied according to the gamma yield, with
more steps taken for the higher yields., Other parameters varied for
exanination of pecak field values were bturst height, aecmagnetic fiela,
and pulse shape. A preionization level vas also considered.

The available data from the CHEMP (M) code, which is CHEMP run with
non-sel f-consistent calculations, was computed using a pulse of the
form of Eq (46) with a = 1072 and & = 107 and the same geometry as
aiven above. This pulse shane is alrmost identical to that of Eq (LR)
with a = 107 and 8 = 3.7 (10)8. See Fig. 2 on page 1. Using this
pulse shape, a range of gamma yields from .01 Kt to 100 Kt was used to
calculate the EMP field vatues. The peak field values are plotted in
Fig. 4. The values taken from the CHEMP(N) code are annotated by X
marks. These peah field values show a maximum difference of 5.5%

around the | Kt case, and a differance of less than 2% for all other

known cases.

29
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